Seed oils of a number of Asteraceae and Euphorbiaceae species are enriched in 12-epoxyoctadeca-cis-9-enoic acid (vernolic acid), an unusual 18-carbon ⌬ 12 -epoxy fatty acid with potential industrial value. It has been previously demonstrated that the epoxy group of vernolic acid is synthesized by the activity of a ⌬ 12 -oleic acid desaturase-like enzyme in seeds of the Asteraceae Crepis palaestina and Vernonia galamensis. In contrast, results from metabolic studies have suggested the involvement of a cytochrome P450 enzyme in vernolic acid synthesis in seeds of the Euphorbiaceae species Euphorbia lagascae. To clarify the biosynthetic origin of vernolic acid in E. lagascae seed, an expressed sequence tag analysis was conducted. Among 1,006 randomly sequenced cDNAs from developing E. lagascae seeds, two identical expressed sequence tags were identified that encode a cytochrome P450 enzyme classified as CYP726A1. Consistent with the seed-specific occurrence of vernolic acid in E. lagascae, mRNA corresponding to the CYP726A1 gene was abundant in developing seeds, but was not detected in leaves. In addition, expression of the E. lagascae CYP726A1 cDNA in Saccharomyces cerevisiae was accompanied by production of vernolic acid in cultures supplied with linoleic acid and an epoxy fatty acid tentatively identified as 12-epoxyoctadeca-9,15-dienoic acid (12-epoxy-18:2⌬ 9,15 ) in cultures supplied with ␣-linolenic acid. Consistent with this, expression of CYP726A1 in transgenic tobacco (Nicotiana tabacum) callus or somatic soybean (Glycine max) embryos resulted in the accumulation of vernolic acid and 12-epoxy-18:2⌬ 9,15 . Overall, these results conclusively demonstrate that Asteraceae species and the Euphorbiaceae E. lagascae have evolved structurally unrelated enzymes to generate the ⌬ 12 -epoxy group of vernolic acid.
12-Epoxyoctadeca-cis-9-enoic acid (vernolic acid) is a C 18 fatty acid that is structurally distinct from other plant fatty acids by the presence of an epoxy group between its ⌬ 12 and ⌬ 13 carbon atoms. This unusual fatty acid is enriched in the seed oils of several Asteraceae genera, including Stokesia, Vernonia, and Crepis (Gunstone, 1954; Badami and Patil, 1981) . Vernolic acid is also a major component of the seed oils of certain Euphorbiaceae species such as Euphorbia lagascae (Kleiman et al., 1965) and Bernardia pulchella (Spitzer et al., 1996) . In the seed oils of these plants, vernolic acid can compose 50% to 90% (w/w) of the total fatty acids.
Vegetable oils that contain vernolic acid have a number of potential industrial applications because of the unique chemical properties associated with the ⌬ 12 -epoxy group. Vernolic acid-enriched seed oils, for example, can be used as plasticizers of polyvinyl chloride, a market that is currently served by petroleum-derived compounds such as phthalates and to a lesser extent by chemically epoxidized soybean and linseed oil (Perdue et al., 1986; Budziszewski et al., 1996) . In addition, the ability of the epoxy group to crosslink makes vernolic acidcontaining oils useful in adhesives and coating materials such as paint (Perdue et al., 1986) . Furthermore, vernolic acid can be used as a precursor of monomeric components of nylon-11 and nylon-12 (Ayorinde et al., 1989 (Ayorinde et al., , 1997 .
The epoxy group of vernolic acid has been shown to result from the insertion of an oxygen atom at the ⌬ 12 double bond of linoleic acid bound to phosphatidylcholine (PC) in seeds of E. lagascae and Vernonia galamensis (Bafor et al., 1993; Liu et al., 1998) . However, previous studies have indicated that this activity is catalyzed by divergent classes of enzymes in seeds of E. lagascae and Asteraceae species that accumulate vernolic acid (Bafor et al., 1993; Lee et al., 1998) . In the case of E. lagascae seed, metabolic studies have suggested that a cytochrome P450-type enzyme is involved in the formation of the epoxy group of vernolic acid (Bafor et al., 1993) . This conclusion is supported by the ability of carbon monoxide to strongly inhibit epoxygenase activity in microsomes from E. lagascae seed (Bafor et al., 1993) . This activity is also partially inhibited by cytochrome P450 reductase antibodies (Bafor et al., 1993) . In contrast, studies with microsomes from seeds of the Asteraceae species Crepis palaestina have suggested that the epoxy group of vernolic acid is formed by a fatty acid desaturase-type enzyme rather than by a cytochrome P450 (Lee et al., 1998) . In seed microsomes of this plant, epoxygenase activity is inhibited by cyanide, but is relatively insensitive to carbon monoxide and cytochrome P450 reductase antibodies (Lee et al., 1998) . The involvement of a desaturase-type enzyme in vernolic acid synthesis in Asteraceae species was confirmed by the identification of cDNAs for ⌬ 12 -oleic acid desaturase (FAD2)-related enzymes from seeds of C. palaestina and V. galamensis (Hitz, 1998; Lee et al., 1998) . Expression of these cDNAs in transgenic plants resulted in the accumulation of vernolic acid (Hitz, 1998; Lee et al., 1998) .
The role of a cytochrome P450 epoxygenase in vernolic acid synthesis in E. lagascae seed has yet to be conclusively demonstrated by the identification and transgenic expression of a corresponding cDNA. In this study, we have reexamined the biosynthetic origin of vernolic acid in E. lagascae by analysis of expressed sequence tags (ESTs) from developing seeds of this plant. Using this strategy, we have identified a cDNA for a cytochrome P450 enzyme that generates ⌬ 12 -epoxy fatty acids, including vernolic acid, when expressed in yeast (Saccharomyces cerevisiae) and transgenic plant cells.
RESULTS

Identification of a Novel Cytochrome P450 cDNA from E. lagascae Seed ESTs
An EST approach was undertaken to determine the genetic basis for the biosynthesis of the ⌬ 12 -epoxy group of vernolic acid in E. lagascae seeds. Nucleotide sequences were obtained from the 5Ј ends of 1,006 cDNAs that were chosen randomly from a library derived from developing E. lagascae seed. Based on the demonstrated pathway of vernolic acid synthesis in Asteraceae seeds (Hitz, 1998; Lee et al., 1998 ) and the proposed pathway in E. lagascae seeds (Bafor et al., 1993) , homology comparisons of ESTs focused on those encoding polypeptides related to ⌬ 12 -oleic acid desaturases (FAD2) and cytochrome P450 enzymes. The pool of ESTs included one partial cDNA for a FAD2-type enzyme that was most similar to ⌬ 12 -desaturases rather than to functionally divergent forms of FAD2 such as fatty acid hydroxylases and epoxygenases. In addition, four ESTs were identified with homology to the cytochrome P450 superfamily. Two of these ESTs contained identical nucleotide sequences and encoded full-length polypeptides (GenBank accession no. AF406732). The enzyme encoded by this cDNA class was designated CYP726A1 by the cytochrome P450 nomenclature committee (Dr. David R. Nelson, University of Tennessee Health Science Center, Memphis; http://drnelson.utmem. edu/CytochromeP450.html) based on amino acid sequence properties described below. Northern analysis indicated that mRNA for the CYP726A1 gene is abundant in developing seeds of E. lagascae but is not detectable in leaves (Fig. 1 ). This expression profile is consistent with the seed-specific occurrence of vernolic acid in E. lagascae plants (E.B. Cahoon, unpublished data). Based on this, the two ESTs corresponding to the CYP726A1 cDNA were chosen for further characterization, and no additional studies were conducted with the two remaining cytochrome P450 ESTs or with the partial FAD2 EST.
The E. lagascae CYP726A1 cDNA encodes a 500-amino acid polypeptide with a predicted M r of 56,460 D (Fig. 2) . The primary structure of this polypeptide has features that are distinctive for cytochrome P450 enzymes. These include an I helix that agrees with the consensus sequence (A/G) GX(D/E) T(T/S) for group A cytochromes P450, as well as a hemebinding domain that differs from the consensus sequence PFG(A/S/V) GRRXC(P/A/V) G in one position (Fig. 2; Durst and Nelson, 1995) . Based on amino acid sequence identity with known cytochromes P450, the E. lagascae polypeptide was grouped by the P450 nomenclature committee into a new family, as indicated by the "CYP726" designation. Classifica- Figure 1 . Northern-blot analysis of CYP726A1 gene expression in E. lagascae. A radiolabeled probe derived from the CYP726A1 cDNA was hybridized to 10 g of total RNA isolated from leaves (L) and developing seeds (S) of E. lagascae as shown in A. The ethidium bromide-stained gel corresponding to the northern blot is shown in B. tion as a new family typically signifies that a cytochrome P450 shares Ͻ40% amino acid sequence identity with members of existing P450 families (WerckReichart and Feyereisen, 2000) . However, the E. lagascae CYP726A1 does share 40% to 41% amino acid sequence identity with at least several members of the family CYP71 subfamily D, including soybean CYP71D8 and potato (Solanum tuberosum) CYP71D4 (Fig. 3) . Neither of these polypeptides has any reported function. The few functionally characterized members of the CYP71D subfamily include tabersonine 16-hydroxylase (CYP71D12; Schrö der, et al., 1999) , (-)-4S-limoene hydroxylases (CYP71D13, CYP71D15, and CYP71D18; Lupien, et al., 1999) , and cembratriene-ol hydroxylase (CYP71D16; Wang, et al., 2001) . It is interesting that the E. lagascae CYP726A1 is more distantly related (13%-25% identity) to known eukaryotic fatty acid-metabolizing enzymes such as human arachidonic acid epoxygenases (CYP1A1, 19% identity; CYP2J2, 17% identity), the Arabidopsis fatty acid -hydroxylase (CYP86A1, 15% identity), and the Jerusalem artichoke (Helianthus tuberosus) fatty acid in-chain hydroxylase (CYP81B1, 25% identity; Fig. 3 ).
Expression of E. Lagascae CYP726A1 in Yeast
The E. lagascae CYP726A1 was expressed in yeast WHT1 cells to determine its activity. The WHT1 cell line is engineered to coexpress a plant NADPHcytochrome P450 reductase for enhancement of recombinant cytochrome P450 activity (Jung et al., 2000) . In vitro fatty acid epoxygenase assays were initially conducted with microsomes isolated from Gal-induced cells transformed with the expression vector alone or with the CYP726A1 cDNA in the expression vector linked to the GAL1 promoter. The substrate used in these assays was sn-1-palmitoyl/ sn-2-[1-
14 C]linoleoyl-PC, as linoleic acid-containing species of PC have been shown to function as substrates in the measurement of epoxygenase activity in microsomes of developing E. lagascae seed (Bafor et al., 1993) . With this substrate, epoxygenase activity was detected in microsomes of cells transformed with the CYP726A1 cDNA, albeit at low levels (approximately 0.2 pmol min Ϫ1 mg Ϫ2 protein), but was absent from microsomes of cells transformed with the expression vector alone.
No further attempts were made to optimize the assay conditions or to use alternative substrates. Instead, recombinant WHT1 cells containing the CYP726A1 cDNA linked to the GAL1 promoter were examined for their ability to produce epoxy fatty acids in vivo. For these experiments, cells were grown with Gal induction in media lacking exogenous fatty acids or in media containing linoleic acid (18:2⌬ 9,12 ) or ␣-linolenic acid (18:3⌬ 9,12,15 ). The fatty acid content of these cells was then examined by gas chromatography (GC) and GC-mass spectrometry (MS) for the presence of epoxy fatty acids. No epoxy fatty acids were detected when cells were grown without exogenous fatty acids (results not shown). However, when linoleic acid was included in the media, a novel fatty acid was detected in cells expressing CYP726A1 that was absent from vector control cells. The methyl ester of this fatty acid, which is indicated as "Epoxy1" in Figure 4B , displayed the same GC retention time as the methyl ester of vernolic acid (Fig. 4E ). In addition, acidic methanol derivatives of this fatty acid methyl ester displayed mass spectra (Fig. 5, C and D) identical to those of similarly prepared derivatives of methyl vernolic acid (Fig. 5, A and B) . Based on these data, Epoxy1 in Figure 5B is identified as the methyl ester of vernolic acid. This finding thus demonstrates that the E. lagascae CYP726A1 functions as a ⌬ 12 -linoleic acid epoxygenase in the biosynthesis of vernolic acid.
Supplementation of the growth media with ␣-linolenic acid resulted in the production of a second novel fatty acid in cells expressing the CYP726A1 cDNA under control of the GAL1 promoter (Fig.  4D ). The methyl ester of this fatty acid, which is labeled as "Epoxy2" in Figure 4D , displayed a longer retention time than that of methyl vernolic acid. In addition, the mass spectra of acidic methanol derivatives of Epoxy2 were consistent with those arising from a C 18 fatty acid methyl ester containing a ⌬ 12 -epoxy group flanked by two double bonds (Fig. 5, E and F) . Given that the precursor of this product is 18:3⌬ 9,12,15 , Epoxy2 is thus tentatively identified as the methyl ester of 12-epoxyoctadeca-9,15-dienoic acid (12-epoxy-18:2⌬ 9,15 ). This result demonstrates that the E. lagascae CYP726A1 is also able to catalyze the ⌬ 12 -epoxidation of ␣-linolenic acid. Under the growth conditions described, amounts of ⌬ 12 -epoxy fatty acids accumulated by cells transformed with the CYP726A1 cDNA ranged from approximately 1% to 5% (w/w) of the total fatty acid content of cultures supplied with linoleic acid or ␣-linolenic acid. Examination of the major phospholipid classes of cultures supplemented with linoleic acid indicated that vernolic acid is enriched in PC. Relative amounts of vernolic acid in PC were nearly 2-fold higher than that in phosphatidylinositol and 4-fold higher than that in phosphatidylethanolamine (results not shown).
Expression of the E. lagascae CYP726A1 in Transgenic Tobacco Callus
To further characterize its activity, the E. lagascae CYP726A1 was expressed in tobacco callus under control of the cauliflower mosaic virus 35S promoter. A similar plant expression system has been previously used to characterize other unusual fatty acid biosynthetic enzymes, including the coriander ⌬ 4 -desaturase (Cahoon et al., 1992) . In callus expressing CYP726A1, two novel fatty acids were detected, which are indicated as "Epoxy1" and "Epoxy2" in Figure 6B . Epoxy1 displayed the same GC retention time as the methyl ester of vernolic acid (Fig. 6) , and the mass spectra of derivatives of Epoxy1 were identical to those obtained from similar derivatives of the vernolic acid methyl ester (results not shown). Epoxy1 is thus identified as the methyl ester of vernolic acid. Epoxy2 in Figure 6B displayed the same GC retention time and mass spectral fragmentation as the methyl ester of the epoxy fatty acid formed from ␣-linolenic acid in recombinant yeast (Figs. 4 and 5 ). This fatty acid methyl ester is thus tentatively identified as methyl 12-epoxy-18:2⌬ 9,15 . Overall, these results confirm those obtained from yeast expression studies described above that indicated that CYP726A1 functions as a ⌬ 12 -epoxygenase. ⌬ 12 -Epoxy fatty acids detected in callus expressing the E. lagascae CYP726A1 accounted for more than 15% (w/w) of the total fatty acid content (Table I) . This included approximately 13% (w/w) in the form of vernolic acid. In addition, the ⌬ 12 -epoxy fatty acids were found in all of the major phospholipid classes (i.e. PC, phosphatidylethanolamine, and phosphatidylinositol; results not shown). The relative amounts of epoxy fatty acids were nearly evenly distributed . GC analysis of fatty acid methyl esters prepared form yeast cells expressing the E. lagascae CYP726A1 cDNA in media supplemented with linoleic (B) or ␣-linolenic acid (D). Gas chromatograms in A and C show fatty acid methyl esters from yeast cells harboring the expression vector without cDNA insert and grown in the presence of exogenous linoleic and ␣-linolenic acids, respectively. The gas chromatogram in E corresponds to fatty acid methyl esters prepared from E. lagascae seeds. Based on mass spectral analyses shown in Figure 5 , the peak labeled Epoxy1 in B is identified as the methyl ester of vernolic acid, and the peak labeled Epoxy2 in D is tentatively identified as the methyl ester of 12-epoxyoctadeca-9,15-dienoic acid. Other labeled peaks correspond to methyl esters of the following fatty acids: 16:0, palmitic acid; 16:1, palmitoleic acid; 18:0, stearic acid; 18:1, oleic acid; 18:2, linoleic acid; and 18:3, ␣-linolenic acid.
among each of these lipid classes and were approximately equal to that in the total lipid extract. Interestingly, the accumulation of epoxy fatty acids was accompanied by large alterations in the unsaturated fatty acid content of the transgenic callus. Most notably, the relative amount of oleic acid increased from approximately 2.7% (w/w) in the vector control callus to more than 40% (w/w) of the total fatty acids in CYP726A1-expressing callus (Table I) .
Expression of the E. lagascae CYP726A1 in Somatic Soybean Embryos
To further characterize its activity, the E. lagascae CYP726A1 was expressed in somatic soybean embryos under control of a strong seed-specific promoter. Somatic soybean embryos are enriched in triacylglycerols and provide a model system for predicting the functions of transgenes in developing soybean seeds (Kinney, 1996) . As with the transgenic tobacco callus, expression of CYP726A1 in soybean somatic embryos was accompanied by the accumulation of two epoxy fatty acids, both of which were absent from untransformed embryos (Table II) . These fatty acids were identified as vernolic acid and 12-epoxy-18:2⌬ 9,15 on the basis of GC retention times of their methyl esters and mass spectra of derivatives produced by reaction in acidic methanol (data not shown). The ⌬ 12 -epoxy fatty acids composed nearly 8% (w/w) of the total fatty acids of the transgenic embryos. This level of accumulation was accompanied by only a small decrease in linoleic acid and ␣-linolenic acid content and a slight increase in oleic acid content relative to that of untransformed embryos.
DISCUSSION
We have successfully used an EST strategy to identify a cytochrome P450 cDNA (designated CYP726A1) that corresponds to a gene that is highly expressed in E. lagascae seed. We have also shown that the expression of this cDNA in yeast and transgenic plants is accompanied by the production of ⌬ 12 -epoxy fatty acids, including vernolic acid. This finding confirms results from previous metabolic studies with E. lagascae seed that suggested the involvement of a cytochrome P450 in vernolic acid synthesis based on the sensitivity of epoxygenase activity to carbon monoxide (Bafor et al., 1993) . A cytochrome P450-mediated pathway thus contrasts with the route of vernolic acid synthesis in the Asteraceae C. palaestina and V. galamensis. In seeds of these plants, the ⌬ 12 -epoxy group of vernolic acid has instead been shown to result from the activity of a ⌬ 12 -oleic acid desaturase related enzyme (Hitz, 1998; Lee et al., 1998) . Therefore, our results, together with those from Asteraceae species, conclusively demonstrate that the ⌬ 12 -epoxygenase activity associated with vernolic acid synthesis can be F) . Epoxy fatty acid methyl esters were first reacted in acidic methanol, which generates a 12-hydroxy/13-methoxy product and a 13-methoxy/12-hydroxy product from opening of the epoxy ring. The two products obtained from a given epoxy fatty acid methyl ester were then converted to trimethylsilyl derivatives to produce the mass spectra shown. The mass spectra in A and B were obtained from derivatives of methyl vernolic acid from E. lagascae seed. The mass spectra in C and D were obtained from derivatives of the fatty acid methyl ester identified as "Epoxy1" in Figure 4B . The mass spectra in E and F were obtained from derivatives of the fatty acid methyl ester identified as "Epoxy2" in Figure 4D . As indicated, the mass spectra in E and F are consistent with derivatives of methyl 12-epoxyoctadeca-9,15-dienoate.
mediated by structurally unrelated heme-and nonheme-containing enzymes.
Overall, the in vivo properties displayed by the E. lagascae CYP726A1 are in general agreement with the in vitro activity reported for the fatty acid epoxygenase in E. lagascae seed microsomes (Bafor et al., 1993) . For example, CYP726A1 is able to epoxidize linoleic acid or ␣-linolenic acid when expressed in yeast or transgenic plant cells. This finding is consistent with results from in vitro assays of E. lagascae seed microsomes that indicate that linoleic acid and ␣-linoleic acid function equally well as epoxygenase substrates (Bafor et al., 1993) . In addition, the detection of vernolic acid primarily in PC of yeast cells that express CYP726A1 is consistent with the demonstration that linoleic acid bound to PC can serve as a substrate for the epoxygenase in E. lagascae seed microsomes (Bafor et al., 1993) .
It is interesting that the accumulation of epoxy fatty acids in transgenic tobacco callus expressing CYP726A1 was accompanied by a Ͼ15-fold increase in oleic acid content relative to callus transformed with only the expression vector. A similar but less dramatic phenomenon has been previously observed with the transgenic expression of divergent forms of the ⌬ 12 -oleic acid desaturase (FAD2) that produce unusual fatty acids with modifications at the ⌬ 12 position, including hydroxylation, epoxidation, and double bond conjugation (Broun and Somerville, 1997; Broun et al., 1998; Cahoon et al., 1999; Singh et al., 2001) . One hypothesis that has been proposed to explain this phenotype is that the unusual fatty acid products inhibit the activity of the native FAD2 and thus effectively block the conversion of oleic acid to linoleic acid (Broun and Somerville, 1997; Cahoon et al., 2001 ). This hypothesis may also account for the high oleic acid content of the tobacco callus transformed with the E. lagascae CYP726A1 cDNA. Tobacco callus contains only small amounts of triacylglycerol (E.B. Cahoon, unpublished data). As a result, nearly all of the epoxy fatty acids accumulate in phospholipids, including PC, the primary substrate for the ⌬ 12 desaturation of oleic acid by FAD2 (Shanklin and Cahoon, 1998). The epoxy fatty acid products accumulated in PC may then act as inhibitors of the native FAD2 activity. In such a metabolic scenario, inhibition of FAD2 activity would be further accentuated by the inability of tobacco callus cells to partition epoxy fatty acids out of phospholipids and into triacylglycerols. It should be noted that a similar increase in oleic acid content was not detected in soybean somatic embryos that express the E. lagascae CYP726A1. This may be in part due to the lower levels of epoxy fatty acids that accumulate in this tissue compared with tobacco callus. Although the fatty acid content of lipid classes was not measured, the soybean somatic embryos may also more efficiently remove epoxy fatty acids from PC for eventual sequestration in triacylglycerol.
Of note, the primary structure of the E. lagascae CYP726A1 is not closely related to any known fatty acid-modifying cytochrome P450 enzyme, including mammalian arachidonic acid epoxygenases (e.g. CYP2J2 and CYP2J6). Instead, this polypeptide shares the highest identity (Յ41% identity) with . Shown in C is a gas chromatogram of fatty acid methyl esters prepared from E. lagascae seed. Based on mass spectral analyses, the peak in B labeled Epoxy1 corresponds to the methyl ester of vernolic acid, and the peak labeled Epoxy2 is tentatively identified as the methyl ester of 12-epoxyoctadeca-9,15-dienoic acid. Peaks labeled with asterisks correspond to phytol.
members of the CYP71D subfamily. The few functionally characterized CYP71D enzymes catalyze the hydroxylation of small molecules such as mono-and diterpenes and alkaloids (e.g. CYP71D4, CYP71D12, and CYP71D16; Lupien et al., 1999; Schrö der et al., 1999; Wang et al., 2001) . In this regard, there was no evidence of fatty acid hydroxylase activity (e.g. ricinoleic acid accumulation) in yeast or transgenic plant cells upon expression of the E. lagascae CYP726A1. Quite remarkable is the fact that the E. lagascae CYP726A1 shares Ͻ12% amino acid sequence identity with FAD2-type ⌬ 12 -epoxygenases from C. palaestina (Lee et al., 1998) and V. galamensis (Hitz, 1998 ), yet these enzymes catalyze the same reaction. With more detailed structural characterization, it will be interesting to determine if the E. lagascae CYP726A1 and the non-heme fatty acid epoxygenases of Asteraceae species have similar active sites. Additional substrate feeding studies using the yeast system described here may also be useful for determining whether these heme and non-heme epoxygenases share identical mechanisms for positioning the placement of epoxy groups in fatty acids.
The E. lagascae CYP726A1 described here provides an additional tool for the production of industrially valuable epoxy fatty acids in transgenic oilseeds. One novel approach for future studies may be to coexpress CYP726A1 and a fatty acid desaturase-type ⌬ 12 -epoxygenase to see whether the combined activities of these enzymes result in enhanced production of epoxy fatty acids. Additional metabolic factors will undoubtedly be required to achieve high levels of epoxy fatty acid accumulation in transgenic oilseeds. These factors will likely include enzymes that maintain efficient flux of epoxy fatty acids between PC and triacylglycerol, the sites of epoxy fatty acid synthesis and deposition (as described in detail by Voelker and Kinney [2001] ).
MATERIALS AND METHODS cDNA Library Construction and EST Analysis
Total RNA was isolated from developing seeds of Euphorbia lagascae using the method described by Jones et al. (1995) . Enrichment of poly(A) ϩ RNA from the E. lagascae total RNA and subsequent cDNA library construction were conducted as previously described (Cahoon et al., 1999) . The resulting library consisted of cDNA inserts cloned 5Ј33Ј into the EcoRI/XhoI sites of pBluescript II SK ϩ and was maintained in Escherichia coli DH10B cells (Invitrogen, Carlsbad, CA) .
EST analysis of the E. lagascae developing seed cDNA library was performed as previously described (Cahoon et al., 1999) to generate approximately 500 bp of partial nucleotide sequence from the 5Ј ends of 1,006 random cDNAs. Putative identities of these cDNAs were determined by comparison of their partial sequences with translated sequences in public databases using the National Center for Biotechnology Information BLASTX program (Altschul et al., 1990) .
From the EST population, two identical full-length cDNAs encoding a polypeptide (designated CYP726A1) related to known cytochromes P450 were chosen for functional characterization. Nucleotide sequences were determined for both strands of the cDNAs by dye-terminator sequencing as previously described (Cahoon et al., 1999) .
Expression of E. lagascae CYP726A1 in Yeast (Saccharomyces cerevisiae)
The coding sequence of the E. lagascae CYP726A1 cDNA was amplified by PCR using the Advantage-GC cDNA polymerase kit (CLONTECH, Palo Alto, CA) and the primer pair 5Ј-TCAAGGAGAAAAAACCCCGGATCC-ATGGAGCAGAAAAATCTCTCTTTTCCG-3Ј (sense) and 5Ј-GGCCAGTGAATTGTAATACGACTCACTATAGGGCG-3Ј (antisense). Besides homology to the cytochrome P450 coding region, these primers share homology with the vector pRS315 (Sikorski and Hieter, 1989 ) that was modified as previously described (Jung et al., 2000) by the insertion of bidirectional GAL1/GAL10 promoters. The resulting amplification product was hybridized to the digested vector, and was transformed into yeast strain WHT1 where the expression plasmid is formed by gap repair (Hua et al., 1997) . Proper integration of the CYP726A1 open reading frame downstream of the GAL1 promoter was confirmed by partial sequencing of the resulting plasmid. The WHT1 cell line used in these studies was engineered as previously described (Jung et al., 2000) to coexpress NADPHcytochrome P450 reductase from Jerusalem artichoke (Hasenfratz, 1992) for enhancement of recombinant cytochrome P450 activity.
Microsomes were prepared from WHT1 cells transformed with the expression vector lacking insert or with the expression vector containing CYP726A1 cDNA. Growth conditions and methods for microsome preparation were as previously described (Pompon, et al., 1996; Jung, et al., 2000). Using the isolated microsomes, fatty acid epoxygenase assays were conducted in a 100-L reaction volume and consisted of 80 mm K 2 HPO 4 (pH 8.0), 20% (w/v) Suc, 10 mm NADPH, and 10 m l-1-palmitoyl-2-[1-14 C]linoleoyl-PC (58 mCi mmol Ϫ1 ; PerkinElmer Life Sciences, Boston). The PC substrate was solubilized in 12.5 mm CHAPS {3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic acid} and was added to the assay in a 12-L volume. Reactions were started with the addition of 500 g of microsomal protein and were conducted for 1 h at room temperature. Reactions were stopped with the addition of 1.5 mL of 1:2 (v/v) chloroform:methanol and they were then partitioned into organic and aqueous phases with the addition of 0.5 mL of chloroform and 0.8 mL of water. The organic layer was recovered and dried under nitrogen. Fatty acid methyl esters were prepared from the organic extract by incubation in 1% (w/v) sodium methoxide in methanol for 20 min at room temperature and were then extracted as previously described (Cahoon et al., 2001) . Radiolabeled methyl esters of epoxy fatty acid reaction products were separated from nonepoxy fatty acid methyl esters by development on silica gel 60 thin-layer chromatography (TLC) plates (Whatman, Clifton, NJ) in hexane :ethyl ether (80:20, v/v) . Reaction products were detected by phosphorimaging and were quantified by liquid scintillation counting.
Fatty Acid Analysis of E. lagascae CYP726A1 expressed in Yeast
Yeast WHT1 colonies containing the pRS315-derived expression plasmid (described above) with or without the CYP726A1 cDNA were grown for 3 d at 30°C in media lacking Leu (0.17% [w/v] In some experiments (as described below), the media was supplemented with linoleic acid or ␣-linolenic acid at a final concentration of 0.45 mm. The cultures were maintained with shaking (250 rpm) at 28°C and were grown to OD 600 Ϸ 12. Cells from 3-mL cultures were collected by centrifugation and the cell pellets were then dried under vacuum. Fatty acid methyl esters were prepared by transesterification of the dried cell pellet in 1% (w/v) sodium methoxide in methanol and analyzed by GC as previously described (Cahoon et al., 2001) . The retention times of putative epoxy fatty acid methyl esters in cell extracts were compared with that of vernolic acid methyl ester prepared from E. lagascae seed. More detailed structural characterization of epoxy fatty acid methyl esters in yeast extracts was conducted using GC-MS as described below.
For analysis of the fatty acid content of phospholipid classes, 10-mL cultures were grown as described above and harvested by centrifugation. The recovered cell pellets were dried under vacuum and then resuspended in 3-mL of chloroform:methanol (1:2, v/v). To aid in cell disruption, 250 mg of acid-washed glass beads (0.5 mm in diameter) were added and the cells were vortexed for 2 min. After 1 h of incubation at room temperature, 1 mL of chloroform and 1.9 mL of water were added to the extract. Following mixing and centrifugation, the lower organic layer was recovered, dried under nitrogen, and resuspended in chloroform:methanol (6:1, v/v). The phospholipid classes were then separated by development of the lipid extract on silica gel silica gel 60 TLC plates (Whatman) in chloroform:methanol: 14.8 m ammonium hydroxide (65:35:4, v/v) . Phospholipid bands were visualized by light staining with iodine vapors and were identified by comigration with standards. Fatty acid methyl esters were prepared from the separated phospholipid classes by incubation of TLC scrapings in 1% (w/v) sodium methoxide in methanol and were analyzed by GC as previously described (Cahoon et al., 2001 ).
Expression of E. lagascae CYP726A1 in Tobacco Callus
The coding sequence of the E. lagascae CYP726A1 cDNA was amplified by PCR using Pfu polymerase (Stratagene, La Jolla, CA) and the oligonucleotide primers: 5Ј-gcggccgcgaattcGGAAAATGGAGCAGAAAAATC-3Ј (sense) and 5Ј-gcggccgcggatccTTAGAACATCGTTAATTAAAG-3Ј (antisense). (Note: The bases in lowercase indicate added restriction sites for cloning of the PCR product.) The amplification product was first subcloned into pCR-Script AMP (Stratagene) and was then transferred as an EcoRI/ BamHI fragment into the corresponding sites of vector pART7 (Gleave, 1992) . The resulting plasmid contained the open reading frame of the E. lagascae CYP726A1 cDNA flanked at its 5Ј end by the cauliflower mosaic virus 35S promoter and at its 3Ј end by the transcription termination portion of the octopine synthase gene. This plant expression cassette was moved as a NotI fragment into the binary vector pART27 (Gleave, 1992) to generate the plasmid pElCYP-35S. A vector control was prepared by insertion of the promoter and termination elements from pART7 into the NotI site of pART27. The resulting plasmid was designated p35S. Plasmids pElCYP-35S and p35S were then transformed into the Agrobacterium tumefaciens strain LBA4404 by electroporation. Cultures derived from these cells were used for transformation of tobacco (Nicotiana tabacum cv Xanthi) leaf discs according to the method described by Rogers, et al. (1986) . Transgenic callus derived from these transformations was selected by kanamycin resistance, and expression of the E. lagascae CYP726A1 cDNA derived transgene in this tissue was confirmed by northern-blot analysis.
Fatty acid compositional analyses were performed using transgenic callus that had been maintained on kanamycin selection plates for 3 to 4 weeks. Approximately 250 mg of callus was homogenized in 1 mL of 1% (w/v) sodium methoxide in methanol, and the resulting fatty acid methyl esters were extracted and analyzed by GC as previously described (Cahoon et al., 2001) . Fatty acid analysis of phospholipids from callus samples was conducted using lipid extraction and TLC procedures described above.
Expression of E. lagascae CYP726A1 in Somatic Soybean (Glycine max) Embryos
The coding sequence of the E. lagascae CYP726A1 cDNA was amplified by PCR and the product was subcloned as described above for tobacco callus expression. The amplification product was subsequently cloned as a NotI fragment into the plant expression vector pKS123 to generate pKR31. pKS123 contains the promoter of the gene for the ␣Ј-subunit of ␤-conglycinin (Doyle et al., 1986) , which confers strong seed-specific expression of transgenes. This vector is identical to the previously described pKS67 (Cahoon et al., 1999) except that it contains two AscI restriction sites that flank the promoter and termination elements of the plant expression cassette.
pKR31 was subsequently introduced into somatic embryos of soybean (cv A2872) using the particle bombardment method of transformation (Finer and McMullen, 1991) . Selection and propagation of transgenic somatic embryos was conducted as previously described (Finer and McMullen, 1991; Cahoon et al., 1999) . Expression of the E. lagascae CYP726A1 transgene was confirmed by PCR using sequence specific primers and first strand cDNA prepared from total RNA isolated from transgenic somatic soybean embryos. The fatty acid composition of single transgenic embryos was determined by GC as previously described (Cahoon et al., 2001 ). The results reported were from transformation event MSE578-6-9.
Preparation and GC-MS Analysis of Epoxy Fatty Acid Derivatives
Epoxy fatty acid methyl esters from yeast and transgenic plant tissue was characterized by MS following acid derivatization, which provides for more diagnostic fragmentation patterns (Kleiman and Spencer, 1973) . Acidic reaction of methyl esters of ⌬ 12 epoxy fatty acids (e.g. vernolic acid) results in the opening of the epoxy ring and the generation of two products: a ⌬ 12 -hydroxy/⌬ 13 -methoxy derivative and a ⌬ 12 -methoxy/⌬ 13 -hydroxy derivative. Fatty acid methyl esters from sodium methoxide transesterification of yeast or plant tissues (as described above) were heated at 70°C in 1 mL of 2.5% (v/v) sulfuric acid in methanol for 20 min. After cooling, 1 mL of water was added, and fatty acid methyl esters were extracted with 2 mL of hexane. The fatty acid methyl esters were then dried under nitrogen and subsequently reacted with 0.5 mL of the silylating reagent bis-(trimethylsilyl) trifluoroacetamide:trimethylchlorosilane (99:1, v/v) (Supelco, Bellefonte, PA) at 50°C for 30 min to generate trimethylsilyl ether derivatives of hydroxyl groups.
The derivatized fatty acid methyl esters were dried under nitrogen and were resuspended in hexane for analysis using a gas chromatograph (HP6890; Hewlett-Packard, Palo Alto, CA) interfaced with a mass selective detector (HP5973; Hewlett-Packard) operating at an electron impact ionization potential of 70 eV. The epoxy fatty acid methyl ester derivatives were partially resolved using a 30-m ϫ 0.25-mm i.d. HP-INNOWax column (Hewlett-Packard) with the oven temperature programmed from 185°C (5-min hold) to 240°C (10-min hold) at 7.5°C min Ϫ1 .
Northern-Blot Analysis of CYP726A1 Expression in E. lagascae
Total RNA was extracted from leaves and developing seeds of E. lagascae using Trizol (Invitrogen) according to the manufacturer's protocol. Northern analysis of 10 g of total RNA from each tissue was conducted as previously described (Cahoon et al., 2001 ). The hybridization probe was prepared from the open reading frame of the E. lagascae CYP726A1 cDNA by random hexamer priming.
